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Supplementary Materials and Methods

Plasmids.  Expression plasmids encoding mouse Rrm1, Rrm2, or p53R2 were

constructed in the pCaggs expression vector (1). The mouse Rrm1 cDNA sequence

was cloned as an XhoI fragment from clone D65 (2) into XhoI-digested pCaggs

plasmid, producing pCaggs-Rrm1. The Rrm2  open reading frame was PCR

amplified with primers 5’-AGAGCTCGAGCCATGCTCTCCGTCCGCAC-3’ and 5’-

AGAGCTCGAGTTAGAAGTCAGCATCCAAGGT-3’ using clone C10 (2) as a

template. The resulting PCR product was digested with XhoI and cloned into XhoI-

digested pCaggs plasmid, producing pCaggs-Rrm2. The p53R2 open reading frame

was PCR amplified from EST clone AA623971 with primers 5’-

G C G G A A T T C A T G G G C G A C C C G G A A A G G - 3 ’  a n d  5 ’ -

GCGGAATTCTTAGAAATCTGCATCCAAGGT-3’. The resulting PCR product was

digested with EcoRI and cloned into EcoRI-digested pCaggs plasmid, producing

pCaggs-p53R2. All cloned PCR products were confirmed to be free of mutations.

Transgenic mice. Transgenic mice were generated by microinjection of linear

plasmid DNA into the pronucleus of FVB/N zygotes. SalI-linearized pCaggs-Rrm1,

SalI/BamHI-digested pCaggs-Rrm2, and SalI/PstI-digested pCaggs-p53R2 were

used. Transgenic founder mice were initially identified by Southern blot analysis.

Transgenic mice were maintained as hemizygotes on a pure FVB/N background by

breeding with wild-type FVB/N mice. As part of another study, some RNR transgenic

mice were bred with mice heterozygous for a targeted deletion of the Hus1 cell cycle
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checkpoint gene. Hus1+/- mice show no apparent phenotypes (3) and as expected

no differences in tumor incidence or any other phenotypes were noted between

Hus1+/- (n=74) and Hus1+/+ (n=183) mice in the cohort. Therefore, the Hus1

genotype is not distinguished in the final data set consisting of 257 mice (Table 1).

Genotyp ing  was  per fo rmed by  PCR wi th  p r imers :  5 ’ -

A T C A G A A G G T G G T G G C T G G T G T G G - 3 ’  a n d  5 ’ -

GCTATGACTGGGAGTAGTCAGGAG-3’ for Rrm1 and p53R2; 5’-

A G A G C T C G A G C C A T G C T C T C C G T C C G C A C - 3 ’  a n d  5 ’ -

GCTAAATCGCTCCACCAAGTTCTC-3’ for Rrm2.

Western blot analysis. Cell or tissue lysates were prepared in RIPA buffer (50mM

Tris-HCl [pH 8.0], 1% [vol/vol] Nonidet P-40, 0.5% sodium deoxycholate, 0.1%

[wt/vol] sodium dodecyl sulfate, 150mM sodium chloride, 50mM sodium fluoride) and

1x protease inhibitor cocktail (Roche). Immunoblotting was performed on PVDF

membranes using standard methods, with signal detection by enhanced

chemiluminescence (Pierce).

Pathological assessment. Mice terminated according to schedule, as well as those

with visible neoplasms or showing signs of clinical disease, including hunched

posture, labored breathing, poor grooming, and wasting, were euthanized by

asphyxiation using carbon dioxide and necropsied. Inflated lungs and other affected

tissues were fixed with 10% neutral-buffered formalin and embedded in paraffin. 4-5

µm thick sections were stained with hematoxylin and eosin. Freshly dissected tissue
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for molecular analysis was snap-frozen in liquid nitrogen and kept at -80ºC.

Pathological assessment was performed according to guidelines endorsed by the

Mouse Models of Human Cancers Consortium (4).

Immunohistochemistry.  Immunohistochemistry was performed  on 5 µm paraffin

sections using the Vectastain ABC kit (Vector Laboratories). Briefly, endogenous

peroxidase was quenched using 3% H2O2 in distilled water. Sections were blocked

for 2 h at RT in TBS containing 4% normal goat serum and 10% non-fat milk and

then incubated for 2 h at 37°C in TBS containing 0.04% Triton-X100 and Anti-pro-

SP-C (Chemicon International; 1:500 dilution) or anti-CC10 (Santa Cruz

Biotechnology; 1:250 dilution). Sections then were washed with TBS, incubated for

30 min at RT with biotinylated anti-IgG antibody (Vector Laboratories), and

incubated with ABC complex diluted in blocking solution for 30 min at RT. Staining

was done with a peroxidase substrate kit (Vector Laboratories). Counterstaining was

done with methyl green (Fisher Scientific).

Generation of RNR overexpressing 3T3 cell pools. Mouse NIH/3T3 fibroblasts

were cultured in culture medium (Dulbeco’s Modification of Eagles Medium

supplemented with 10% bovine calf serum, 1.0 mM L-glutamine, 0.1 mM MEM non-

essential amino acids, 100 µg/ml of streptomycin sulfate, and 100 U/ml of penicillin).

Cells were transfected with linearized empty pCaggs vector, pCaggs-Rrm1, pCaggs-

Rrm2, or pCaggs-p53R2 along with PGK-puro using FuGENE 6 transfection reagent

(Roche) and then cultured in medium containing 1 µg/ml puromycin. After 2 weeks,
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puromycin-resistant cells were pooled and expanded for further analysis under

selection conditions.

Hprt mutation rate assay. Cells were maintained in HAT medium (culture medium

supplemented with 0.2mM sodium hypoxanthine, 0.4µM aminopterin, 0.02µM

thymidine [GIBCO]) for two weeks. Cells then were maintained in HT medium

(culture medium supplemented with 0.1mM sodium hypoxanthine, 0.016µM

thymidine [GIBCO]) for one week. Subsequently, cells were seeded at a density of

5x105 cells per 10cm plate (10 plates total) in culture medium containing 5µg/ml 6-

thioguanine (Sigma). After 3 weeks, 6-thioguanine resistant colonies were counted,

isolated, and individually expanded.  RNA was extracted, and cDNA was

synthesized with primer 5’-GCAGCAACTGACATTTCTAAA-3’ using the

SuperscriptTM First Strand Synthesis System (Invitrogen). The Hprt open reading

frame was PCR amplified using primers: 5’-TTTCCGGAGCGGTAGCAG-3’ and 5’-

TTACTAGGCAGATGGCCACA-3’. Hprt  mutations were identified by direct

sequencing of PCR products using primers: 5’-CTTCCTCCTCAGACCGCTTT-3’ and

5’-TGGCAACATCAACAGGACTC-3’. Plating efficiency was determined by plating

200 cells in medium without 6-thioguanine in triplicate for 2 weeks and counting

stained colonies.

Determination of mutation rates in Saccharomyces cerevisiae. All yeast strains

were derived from either W4069-4C (WT) or W4069-8C (rnr1-D57N1) (5).  These

strains are derived from the W303 strain. Mismatch repair gene mutations were
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introduced into these strain backgrounds. The msh2Δ::hisG, msh6Δ::hisG and

msh3Δ::hisG alleles have complete or nearly complete disruptions of their respective

genes and were introduced into these strains by single-step gene transplacement

(6). The spontaneous forward mutation rate to canavanine resistance (Canr) was

measured in W4069-4C (WT), W4069-8C (rnr1-D57N1), EAY1997-2000 (msh3∆),

EAY2001-2003 (rnr1-D57N msh3∆), EAY2004-2006 (msh2∆), EAY2007-2009 (rnr1-

D57N msh2∆), EAY2010-2013 (msh6∆), EAY2014-2019 (rnr1-D57N msh6∆) as

described previously (7). Briefly, independent cultures from at least 3 independent

isolates of each genotype were plated for single colonies at 30°C on YPD plates.

Appropriate dilutions of cells from single colonies (~2 mm) were plated on: 1)

synthetic complete (SC) medium lacking arginine to determine the number of viable

cells and 2) SC-Arg plus L-canavanine (60 mg/ml) to determine the number of Canr

cells per culture. The rate of mutation per generation was calculated from the

median mutation frequency using the method of Lea and Coulson (8). The mutation

rate and 95% confidence interval were determined from at least 22 independent

measurements for each strain. To determine mutation spectra, the CAN1 gene was

PCR amplified with primers AO1863: 5'-TCAGGGAATCCCTTTTTGCA-3’ and

AO257: 5'-GTGAGAATGCGAAATGGCGTG-3’ and sequenced with primers AO256:

5'-AGTTCTTCAGACTTCTTAACTC-3’, AO1864: 5'-CCAGTGGGCGCTCTTATA-3’,

AO1865: 5'-TTACCGGCCCAGTTGGAT-3’, AO1866: 5'-CAACCATTATTTCTGCCG-

3’, AO1977: 5'-CACCCAAGGACTGCGTGACAG-3’.

Big Blue mutation rate assay. Big Blue C57Bl/6 mice (9), hemizygous for the λ
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shuttle vector, were obtained from Stratagene (La Jolla, CA) and were bred with

Rrm1Tg, Rrm2Tg, p53R2Tg, or Msh6-/-RNRTg mice. Genomic DNA was isolated from

3-month old lung tissues by phenol-chloroform extraction using the RecoverEase

DNA isolation kit protocol (Stratagene, LA Jolla, CA). The bacteriophage transgene

was recovered from genomic DNA by incubation with in vitro λ packaging extract

(Transpack; Stratagene). Phage containing cII mutations were identified by mixing

100µl of packaged phage with 200µl of an overnight culture of E. coli G1250 cells.

This solution was mixed with TB-1 top agar, poured onto TB1 plates, and incubated

at 24°C for 48 h. To determine the total number of phage screened, 10 µl of a 1:100

dilution of packaged phage was mixed with 200µl of G1250, plated on TB1 plates in

triplicate, and incubated at 37°C for 24 h. The mutant plaques were confirmed by re-

plating on TB1 plates at 24°C. Mutation frequencies were compared using a

Maximum Likelihood Ratio test and two-way ANOVA.

Sequencing of K-ras exons 1 and 2. 5 µm sections of lung tumor samples were

microdissected with a Leica Laser Microdissection instrument and incubated in

proteinase K buffer (150 µg/ml proteinase K in Taq DNA polymerase PCR buffer

[MI188J, Promega]) at 50°C for 4h. The sample was heated at 100°C for 10 min to

inactivate the proteinase K and then centrifuged at 4000 rpm for 2 min. The

supernatant was used for PCR amplification of K-ras exons 1 and 2 with the

following primer sets: 5’-CCATGTATTTTTATTAAGTGTTGA-3’ and 5’-

CTCCTCGAGCAAGCGCACGCAGACTGTAGAGCA-3’ for exon 1, and 5’-

C T C G A A T T C A T C C T A A T G G G T A C T A A T G G T G T - 3 ’  a n d  5 ’ -
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CTCCTCGAGAGCAAAGAATCAATAAATGTAAGC-3’ for exon 2. Mutations in K-ras

exons 1 and 2 were identified by direct sequencing of the PCR products using the

following primers: 5’-CTATAATGGTGAATATCTTC-3’ for exon 1 and 5’-

CTCTATCGTAGGGTCGTACT-3’ for exon 2.
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Supplementary Tables

Table S1. Mutational spectrum at the Hprt locus in RNR overexpressing cell pools
Cell pool Clone ID Mutation† Amino acid change

1 355 G>T G>Stop codon

2 106 del G Stop codon

3
§

568 G>T G>Stop codon

4 602 A>G D>G

Rrm2-A

5 403 ins AG stop codon

1 403-404 GA>TT
‡

D>F

2 584 A>C Y>S

3 613 G>T V>F

4
§

403-404 GA>TT
‡

D>F

5
§

389 T>G V>G

6
§

584 A>C Y>S

Rrm2-B

7 403-404 GA>TT
‡

D>F

1 643 A>G K>E

2 581 A>T D>V

3
§

542 T>C F>S

4 581 A>T D>V

5 530 A>G D>G

p53R2-A

6 542 T>C F>S

1
§

586 A>G N>D

2 586 A>G N>D

3 635 G>A G>E

4 409 A>T I>F

5
§

609-626 del Stop codon

p53R2-B

6 544 G>T E>Stop codon

NOTE: 6-thioguanine resistant colonies were isolated and expanded from the indicated cell pools.
RNA was extracted for cDNA synthesis and the Hprt gene coding region was amplified by PCR.
Mutations in the Hprt cDNA were identified by directly sequencing PCR products. These data
represent results from two independent experiments done with independent RNR overexpressing
cell pools (A and B). The mutation frequencies shown in Fig. 1C are for cell pools Rrm2-B and
p53R2-B.

†The numerical value indicates the position of the mutated nucleotide followed by the specific
sequence change.

§Additional, independent colonies on the same plate had the same mutation as these clones and
were excluded as clonal events.

‡These clones also expressed low levels of a smaller transcript that had a deletion of nucleotides
403-470.
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Table S2. Mutational spectrum at the CAN1 locus in wild-type and rnr1-D57N yeast strains that vary in mismatch repair status

NOTE: The CAN1 gene was PCR amplified from Canr colonies and directly sequenced.

WT (4C)  rnr1-D57N (8C)  msh2∆ (4C/98)  msh6∆ (4C/108)
 

rnr1-D57N
msh2∆ (8C/98)

 
rnr1-D57N

msh6∆ (8C/108)Type of mutation
# % # % # % # % # % # %

Base substitution
GC pair 6 55% 10 63% 4 31% 15 68% 3 18% 14 37%
AT pair 3 27% 3 19% 2 15% 3 14% 0 0% 8 21%

Frame shift
Deletion 1 9% 1 6% 6 46% 1 5% 4 24% 12 32%
Insertion 0 0% 2 12% 1 8% 3 14% 10 59% 4 11%

Large deletion 1 9% 0 0% 0 0% 0 0% 0 0% 0 0%

Total 11 100%  16 100%  13 100%  22 100%  17 100%  38 100%
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Table S3. Combining RNR overexpression with mismatch repair deficiency results in a
synergistic increase in tumorigenesis

Mouse genotype

Number
of

animals
Median

 age of death

Number of mice
with lung neoplasms

(%)

Number of mice
with lymphoma

(%)

Number of mice
with other

neoplasms† (%)

Msh6-/- p53R2Tg 17 136 4 (24%) 16 (94%) 2 (12%)

Msh6-/- Rrm2Tg 20 316 18 (90%) 15 (75%) 7 (35%)

Msh6-/- 34 258 12 (35%) 29 (85%) 8 (24%)

Msh6+/- p53R2Tg 11 519 4 (36%) 0 (0%) 1 (9%)

Msh6+/- Rrm2Tg 22 510 21 (96%) 1 (5%) 2 (9%)

Msh6+/- 23 518 6 (26%) 3 (13%) 0 (0%)

Msh6+/+ p53R2Tg 4 519 2 (50%) 0 (0%) 1 (25%)

Msh6+/+ Rrm2Tg 2 503 2 (100%) 0 (0%) 0 (0%)

Msh6+/+ 11 518 3 (27%) 0 (0%) 2 (18%)
NOTE: Mice were aged for up to 17 months, euthanized by asphyxiation using carbon
dioxide, and subjected to pathological examination as described in Materials and
Methods.

†Other neoplasms include gastrointestinal, liver, skin, and uterine neoplasms.
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Table S4. Analysis of mutation frequencies at the cII locus of a bacteriophage λ
transgene in lung tissue from Msh6-/- RNRTg and control mice

Stain
Animal

ID
Age

(days)
Sex

Total
number of
plaques

Number
of

mutants

Mutation
frequency

Mutation
frequency
(Avg ± SD)

6378 90 F 341550 16 4.7
6394 98 M 366948 23 6.2
6469 102 M 579466 25 4.3
6793 92 F 264000 20 7.6
6830 91 M 269500 11 4.1
6864 93 F 363000 17 4.7

WT

3682 95 M 286000 18 6.3

5.5±1.3

6380 90 F 260000 10 3.8
6468 102 M 332133 23 6.9
6470 102 M 341000 9 2.6
6465 133 F 284715 21 7.4
6466 133 F 264000 16 6.1

Rrm1Tg

6832 91 M 260333 15 5.8

5.4±1.9

6395 98 M 247250 14 5.7
6397 98 M 173600 14 8.1
6895 93 M 418000 29 6.9
6896 93 M 286000 11 3.8
6900 93 F 82830 4 4.8
3681 95 M 363000 11 3.0

Rrm2Tg

3463 96 M 341667 10 2.9

5.0±2.0

6359 57 F 463833 23 4.9
6790 93 F 402800 35 8.7
6862 92 F 198000 13 6.6p53R2Tg

3378 91 F 423333 24 5.7

6.5±1.6

3676 95 F 357500 78 21.8
3750 96 F 455000 133 29.2Msh6-/-

3752 96 M 220000 92 41.8
31.3±1.4

3163 102 M 363000 156 43.0
3461 96 F 223333 189 84.6
3467 96 M 671667 256 38.1

Msh6-/-Rrm2Tg

3677 95 F 263333 145 55.1

55.2±20.9

3321 102 F 352000 128 36.4
3749 96 F 290000 176 60.7Msh6-/-p53R2Tg

3751 96 F 315000 204 64.8
54.0±15.4

NOTE: Genomic DNA was isolated from the lungs of 3-month old mice and λ vector
was then packaged into phage. The number of mutants was derived from raw counts of
mutant plaques.



Table S5. Analysis of mutation frequencies at the cII locus of a bacteriophage λ
transgene in  spleen tissue from Msh6-/- RNRTg and control mice

Stain
Animal

ID
Age

(days)
Sex

Total
number

of
plaques

Number
of

mutants

Mutation
frequency

Mutation
frequency

(Avg ±
SD)

6378 90 F 173844 8 4.6
6394 98 M 599500 24 4.0WT
4020 101 M 108333 3 2.8

3.8 ± 0.9

6380 90 F 292230 5 1.7
6468 102 M 270000 25 9.3Rrm1Tg

6470 102 M 373000 14 3.8
4.9 ± 3.9

6395 98 M 225500 13 5.8
6397 98 M 198000 11 5.6Rrm2Tg

3463 96 M 226667 12 5.3
5.6 ± 0.3

3754 96 M 335000 9 2.7
3378 91 F 350000 20 5.7p53R2Tg

6790 92 F 165000 8 4.8
4.4± 1.5

3676 95 F 261750 78 29.8
3750 96 F 111000 65 58.6
2431 100 M 135000 91 67.4

Msh6-/-

3752 96 M 216667 100 46.2

50.5 ±
16.3

3163 102 M 335000 114 34.0
3461 96 F 116000 45 38.8
3467 96 M 149667 117 78.2

Msh6-/-Rrm2Tg

3677 95 F 198333 113 57.0

52.0 ±
20.1

3321 102 F 138350 80 57.8
3749 96 F 136667 104 76.1Msh6-/-p53R2Tg

3751 96 F 141667 81 57.9
63.7 ±10.7

NOTE: Genomic DNA was isolated from the spleen of 3-month old mice and λ vector
was then packaged into phage. The number of mutants was derived from raw counts of
mutant plaques.
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Table S6. Mutations in K-ras codons 12 and 61 in lung tumors from RNR transgenic mice

# of mutations in K-ras
Mouse

genotype
# of neoplasms

analyzed Codon 12 (%) Codon 61 (%) Total (%)

WT FVB† 9 2 (22%) 3 (33%) 5 (56%)

Rrm1Tg 4 4 (100%) 0 (0%) 4 (100%)

Rrm2Tg 12 6 (50%) 6 (50%) 12 (100%)

p53R2Tg 14 7 (50%) 4 (29%) 11 (79%)
NOTE: DNA was extracted from lung neoplasm tissue isolated by laser microdissection.
K-ras exons 1 and 2 were amplified by PCR and then directly sequenced.

†WT FVB refers to transgene-negative control mice.
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Table S7. Mutational spectrum at K-ras codons 12 and 61 in RNR-induced and
control lung neoplasms

Genotype Tumor ID Mutations in codon 12 Mutations in codon 61

1234 G12D, GGT>GAT None

4738 G12D, GGT>GAT None

3427 None Q61R, CAA>CGA

3855 None Q61R, CAA>CGA

1579 None Q61R, CAA>CGA

3352 None None

4741 None None

1417 None None

WT FVB
(N=9)

1575 None None

4737 G12D, GGT>GAT None

5804 G12D, GGT>GAT None

984 G12D, GGT>GAT None
Rrm1Tg

(N=4)

1416 G12D, GGT>GAT None

6956 G12D, GGT>GAT None

791 G12D, GGT>GAT None

1577 G12V, GGT>GTT None

5485 G12R , GGT>CGT None

792 G12V, GGT>GTT None

1164 G12V, GGT>GTT None

1162 None Q61R, CAA>CGA

1166 None Q61R, CAA>CGA

1161 None Q61H, CAA>CAT

6071 None Q61H, CAA>CAT

1322 None Q61L, CAA>CTA

Rrm2Tg

(N=12)

3892 None Q61L, CAA>CTA

3114 G12D, GGT>GAT None

1233 G12D, GGT>GAT None

3428 G12D, GGT>GAT None

3432 G12D, GGT>GAT None

908 G12R, GGT>CGT None

909 G12V, GGT>GTT None

905 G12V, GGT>GTT None

4817 None Q61R, CAA>CGA

3117 None Q61R, CAA>CGA

3353 None Q61R, CAA>CGA

1225 None Q61H, CAA>CAT

904 None None

3113 None None

p53R2Tg

(N=14)

907 None None

NOTE: DNA was extracted from lung neoplasm tissue isolated by laser
microdissection. K-ras exons 1 and 2 were amplified by PCR and then directly.


